We present the theory of an extremely correlated Fermi liquid with U → ∞. This liquid has an underlying auxiliary Fermi liquid Greens function that is further caparisoned by extreme correlations. The theory leads to two parallel hierarchies of equations that permit iterative approximations in a certain parameter. Preliminary results for the spectral functions display a broad background and a distinct T dependent left skew. An important energy scale ∆( k, x) emerges as the average inelasticity of the FL Greens function, and influences the photoemission spectra profoundly. A duality is identified wherein a loss of coherence of the ECFL results from an excessively sharp FL.
Introduction Correlated electron systems attract two distinct approaches. An intermediate to strong coupling approach is used when the interaction U is comparable to the band width 2W , and has seen some success in recent times [1] . On the other hand, Anderson [2] has argued that myriad experiments on high T c superconductors require a better understanding of the t-J model physics. This model sets U → ∞ right away i.e. leads to extreme correlations and involves Gutzwiller projected Fermi operators that are non canonical.
Thus Wick's theorem is immediately lost, and perturbative schemes encoding the Feynman Dyson approach become useless. Since this approach is at the root of most current many body physics text books, the task of understanding the t-J model is not lightly undertaken.
The Schwinger approach to interacting field theories is a powerful and attractive alternative. It is fundamentally non perturbative, where Wick's theorem is bypassed by dealing with suitable inverse Greens functions. Conventional many body theory for canonical Fermions can also be cast into this approach, and leads to the standard results. In Ref. 3 (henceforth I), the author has recently applied the Schwinger method to the t-J model, and found a class of solutions that are termed as extremely correlated quantum liquids. That state is presumably realized under suitable conditions. However it gives a Fermi surface (FS) volume that is always distinct from that of the Fermi gas. This is contrast to the case of Fermi liquids (FL), where the important theorem of Luttinger and Ward (L-W) [4, 5] mandates the invariance of the FS volume under interactions.
In this paper we propose a state of matter termed as an extremely correlated Fermi liquid (ECFL). The ECFL found here, represents an alternate class of solutions for the t-J model, where the Fermi surface satisfies the Fermi gas (i.e. L-W) volume. In this work we present the essentials of the formalism, and display preliminary results on spectral functions that are suggestive of the relevance of the ECFL state to cuprate materials. An inherent flexibility of the Schwinger approach permits the construction of an alternate class of solutions from the one found in I. The excitations of the ECFL state may be thought of as bare electrons undergoing a double layer of renormalization: the FL dressing into quasiparticles that are further caparisoned (i.e. decorated) by extreme correlations.
Formalism:
The physical projected electronic Greens function G satisfies an equation of motion (EOM) (I-29) written compactly in matrix form as
where µ is the chemical potential and an implicit integration over space time variables such asj, written with bold overlined letters, is implied,
In the above expression [6] , we used γ(i) = G k (i, i) with the k conjugation defined by
(τ i ) is central to this approach; it is a space-time dependent field that couples to the charge and spin densities through a term in the action: iσ
is the spin and density operator at site i that acts as |σ 1 σ 2 | .
An important technical problem highlighted in I is to deal with the time dependence of the γ(i) term in Eq. (1) which makes the theory non canonical. Here we use the decomposition into two factors [7] :
and express γ(i) = (g(i,j) · µ(j, i)) k . The object g is an auxiliary FL Greens function and µ(b, b) is an appurtenant (or supplementary) factor that is determined below. Antiperiodic
imply that both factors g and µ are Fourier transformed using Fermionic Matsubara frequencies. We define the inverse
, and thence a vertex function Λ
Thus g, µ and g −1 are matrices in the spin space, and the vertex Λ has four indices. We also define a linear operator
where the matrix ξ * σ 1 σ 2 = σ 1 σ 2 . The * is used as a place holder that transmits the spin indices (after conjugation) of the ξ matrix to the source matrix V in the functional derivative. This notation used is illustrated in component form by
A useful chain rule for the functional derivative is noted
Using this chain rule, we see that
where
Thus the two fundamental functions of this formalism Φ, Ψ are closely connected as they arise from applying the same operator to the two factors of G.
also denote the Fermi gas Greens function
Collecting everything, the exact EOM can now be written neatly as
We have introduced the parameter λ above, with 0 ≤ λ ≤ 1, in order to provide an adiabatic path between the Fermi gas at λ = 0 and the ECFL at λ = 1, and also an iterative scheme in powers of λ connecting the two endpoints.
We now choose the hitherto undetermined function µ as:
so that Eq. (9) reduces to a canonical FL type equation:
Notice that the right hand side has a pure δ function as in a canonical Fermi liquid type theory. To summarize, the EOM Eq. (1) under the decomposition Eq. (3) leads to Eq. (9).
In turn this splits exactly into two coupled sets of equations Eq. (7), Eq. (10) and Eq. (11) for the two factors g and µ. Note that the entire procedure is exact, we write explicit forms of these equations below and then introduce approximate methods to solve them .
Inverting we find Dyson's equation for the auxiliary FL Greens function:
Taking functional derivatives of Eq. (10) and Eq. (12) w.r.t. V, and comparing with Eq. (4) and Eq. (7) we generate two parallel hierarchies of equations for g and µ that form the core of 
The number of particles is given by
, and with
the equations to solve simultaneously are Eq. (7), Eq. (12) and Eq. (10) . The density and spin density response functions (I-F1,I-F-7) can be found from differentiating G i.e.
Zero source limit in Fourier space: When we turn off the source V, the various matrix function G, g, µ become spin diagonal and translation invariant so we can Fourier transform these conveniently. We note the basic result expressing G as a simple product of two functions in k space:
where ε k is the Fourier transform of the hopping matrix −t(i, j), and an uninteresting constant term is absorbed in µ here and below.
Here g plays the role of an underlying auxiliary FL with a self energy Φ, and Ψ acts as an extra spectral weight that vanishes at high frequency, leaving the exact weight 1 − 
In this formalism, at k ∼ k F , x = 0 that is relevant to the L-W sum rule, the e g(k)
dominates e G( k, 0) (since e Ψ( k, 0) is smooth through the FS). Requiring consistency with the L-W theorem forces us to pin any sign change of e g( k, 0) to the free case, whereby we impose a second level sum rule
, and
This can be viewed as a splitting of the usual number sum rule Eq. (15) [9] . With E(p 1 , p 2 ) =
and the spin labels are from I with the usual significance
Next we introduce the spectral representation of various functions Q that vanish at in- which is analogous to the structure of the canonical many body theory within the skeleton graph expansion. We may now set λ = 1 and study the resulting theory as the first step in exploring this formalism.
as the Fermi distribution functions andf (x) = 1 − f (x) , and denote the usual Fermi factors from second order theory
a function of the frequencies u, v, w, x, and
a function of k, p, q and x. We may then write the spectral functions corresponding to
The functions appearing in Eq. (20) are familiar from Fermi liquids [4, 5] , and encode the usual phase space constraints of that theory. This leads to the low temperatures behaviour ∼ max {x 2 , (πk B T ) 2 }, for both objects m Ψ(k, x, T ) and mΦ(k, x, T ). The real parts of these objects are smooth through the Fermi surface, as one expects from the real part of the self energy in a FL, and hence motivates the second level sum rule Eq. (16).
From Eq. (14) we write the exact expression for the physical spectral function ρ G :
where ξ k =ε k − µ, and the important energy scale ∆( k, x) and the term η is defined as:
The sign of the energy scale ∆ in Eq. (22) that is underway, it leads to spectral functions in 2 and 3 dimensions that will be published separately. However it also provides a very interesting insight about the theory in high dimensions that is pursued analytically next.
Solution in high dimensions:
In sufficiently high dimensions, we show next that the dimensionless term η vanishes identically leading to a great simplification. For sufficiently high dimensions we can ignore the momentum dependence of Y in Eq. (19) and assume . We use an analytically tractable Fermi liquid model [11] with τ = πk B T , where we set:
The peak value of C Φ σ(x) is of O(1) and independent of C Φ [12] . The other constant C Ψ is dimensionless and negative. To complete the model, we note that the real parts are given in terms of h(x) as eΦ(x + ) = C Φ h(x) and eΨ(x + ) = C Ψ h(x). With this choice the auxiliary spectral weight η(k, x) vanishes identically in Eq. (23) .
and e g(ξ,
. Denoting Q(ξ) ξ = dξ N B (ξ)Q(ξ), where N B (ξ) is the band density of states per spin, the chemical potential is fixed using
The energy parameter ∆( k, x) in Eq. (22) is a constant. We scale out a factor to define
The physically observable electronic spectral function reads
Here the condition (f ) + ≡ max(0, f ), is inserted in the ECFL factor to guarantee the positivity of the spectral function for x ξ[13]. We can determine ∆ 0 directly from the second level sum rule Eq. (16) : 
